abstract: During folliculogenesis, the granulosa cells differentiate into two cell types: cumulus cells (CCs) and mural granulosa cells (MGCs). The objective of the study was to generate and compare the transcriptomes of MGCs and CCs from the pre-ovulatory follicle to characterize the detailed profile of the two cell populations shortly before ovulation. Twenty-one IVF/ICSI patients undergoing controlled ovarian stimulation (COS) donated CCs and MGCs from individual follicles containing metaphase II oocytes. Cells were prepared immediately after recovery and mRNA was isolated for whole-genome gene expression analysis and reverse transcriptase -polymerase chain reactions. Paired (within the individual follicle) comparisons between the CC and MGC expression profiles were performed and corrected for multiple comparisons. A total of 1562 genes were differentially expressed by .2-fold (P , 0.01) in the two cell types. Of these, 156 genes were .8-fold changed and represented specialized cellular functional categories such as inflammatory response, extracellular matrix and cell -cell communication, whereas the 1406 genes were 2-8-fold changed and represented functional categories such as proliferation and lipid metabolism. Transcripts not previously linked to the follicle were found to be differentially expressed between CCs and MGCs, suggesting specialized function in these compartments, e.g. pepsinogen A was selectively expressed in MGCs, whereas ryanodine receptor-2 (RYR2) was selectively expressed in CCs. Positive correlations were present between expression levels of RYR2 and the amphiregulin and gap-junction proteins. In conclusion, the transcriptomes of corresponding CCs and MGCs from individual pre-ovulatory follicles clearly revealed two distinct cell types. New as well as known genes representing specific cell functions close to ovulation were highlighted.
Introduction
The granulosa cells differentiate and proliferate from one single layer of cells surrounding the oocyte comprising around 30 cells in the primordial follicle (Westergaard et al., 2007) through folliculogenesis into numerous layers of mural granulosa cells (MGCs) lining the follicular wall and layers of cumulus cells (CCs) immediately surrounding the oocyte (McNatty et al., 1979) . It has been established that the oocyte to a large extent orchestrates this differentiation process by secreting paracrine factors that impact on granulosa cell gene expression during the folliculogenesis in order to secure its own optimal growth and maturation (Diaz et al., 2007; Zhang et al., 2010) . In the very late stage of folliculogenesis, the gene expression in both MGCs and CCs is radically changed in preparation for the ovulatory process. By comparing the somatic cell gene expression profiles before and after hCG triggering of the final maturation, these changes have been described in both mice (Hernandez-Gonzalez et al., 2006) and non-human primates (Xu et al., 2011) and show huge time as well as cell-type-dependent changes.
At the time of ovulation, the CCs still communicate directly with the oocyte through gap junction (Makabe et al., 2006) , whereas the MGCs start to become luteinized and switch to have both endocrine (mainly progesterone) and auto/paracrine (i.e. growth factors) function. Specific functions of the somatic cell compartments from these pre-ovulatory follicles just prior to ovulation as progesterone and estrogen production from the cumulus-oocyte complex (COC; Bar-Ami and Gitay-Goren, 2000) , and expression levels of specific genes in MGCs and CCs (McKenzie et al., 2004; Feuerstein et al., 2007; Hamel et al., 2008; Adriaenssens et al., 2010) have been shown to reflect the developmental competence of the corresponding oocyte. Several genes related to the process of cumulus expansion and extracellular matrix formation have been suggested to be potential markers of oocyte quality in CCs such as hyaluronan synthase 2 (HAS2), pentraxin-related gene 3 (PTX3) and vesican (VCAN; McKenzie et al., 2004; Cillo et al., 2007; Adriaenssens et al., 2010 ). Likewise, the expression level of genes related to steroidogenesis in both CCs [i.e. steroidogenic acute regulatory protein (STAR); Feuerstein et al., 2007] and MGCs [i.e. cytochrome P450, family 19, subfamily a (CYP19A) and hydroxy-delta-5-steroid dehydrogenase, 3 beta-and steroid delta-isomerase 1 (HSD3B1); Hamel et al., 2008] and members of growth factor families (i.e. Gremlin; McKenzie et al., 2004; Adriaenssens et al., 2010) and amphiregulin (AREG; Feuerstein et al., 2007) in CCs have been related to the developmental competence of the oocytes.
Comparison between the transcriptomes of the two cell types will provide insight in the differential as well as selectively expressed genes helping to elucidate specific functions of the two somatic cell types just prior to ovulation. The aim of the present study was to compare and correlate the whole-genome gene expression profiles of corresponding CCs and MGCs isolated from individual pre-ovulatory follicles, containing a metaphase II (MII) oocyte, immediately after oocyte pick-up (OPU) following controlled ovarian stimulation (COS).
Materials and Methods
The CC and the MGC from one large pre-ovulatory follicle were obtained from each of 21 women aged 26 -39 undergoing COS [for patient details, see Table I ; 12 for array and 9 for reverse transcriptase-polymerase chain reaction (RT -PCR) confirmation]. Since the connecting oocyte was donated too, only women from whom more than six oocytes were available for their own treatment were asked to consider donation of material (Grondahl et al., 2010) .
Treatment and donation
Informed consent was obtained from patients at the Fertility Clinic, University Hospital Copenhagen, Hvidovre Hospital, and the study protocol was approved by the Danish Scientific Ethical Committee (ethical approval number: KF 299017).
All patients were treated with a short antagonist protocol. Upon the confirmation of menstrual bleeding, no ovarian cysts and endometrial thickness of ,5 mm on Day 2 -3 of the menstrual cycle, all patients receive recombinant FSH (Puregon w , Organon, a division of ScheringPlough, Copenhagen, Denmark) dosed individually for 8 -12 days as described (Popovic-Todorovic et al., 2004) . When the leading follicle reached 12 -13 mm in diameter, the GnRH antagonist (Orgalutran w , 0.25 mg daily, Organon) was administered daily until the day of hCG. When the leading follicles exceeded 16 mm in diameter, hCG was administered (Ovitrelle w , 6500 IE, Merck Serono, Copenhagen, Denmark). The OPU was performed 36 h later.
Isolation and storage of MGCs and CCs
Immediately after the isolation of the COC, the granulosa cell aggregates were isolated from the follicular fluid by a pipette, flushed twice in phosphate-buffered saline (PBS) and transferred to a tube placed in ice water. Erythrocytes were removed by adding erythrocyte lysis buffer (EL-buffer, Qiagen, Hilden, Germany). The granulosa cell aggregates were then flushed twice and in PBS and transferred with RNase inhibitor (Protector RNase Inhibitor, 5 U/ml, Roche Diagnostic, Mannheim, Germany) to a 0.2-ml tube (MicroAmp, Applied Biosystems, Singapore), flash frozen in liquid nitrogen, within 30 min after OPU, and stored at 2808C until RNA extraction.
A part of the cumulus mass was mechanically removed (18G needles) and washed twice in PBS and transferred with RNase inhibitor (Protector RNase Inhibitor, 5 U/ml, Roche Diagnostic) to a 0.2-ml tube (MicroAmp, Applied Biosystems), flash frozen in liquid nitrogen, within 30 min after OPU, and stored at 2808C until RNA extraction.
The CCs and MGCs analysed in this study were all from follicles (mean size in millilitres at ovum pick-up: 3.0) containing an MII oocyte; the oocyte was checked for the presence of the first polar body within 20 min after OPU.
Isolation of RNA
We used the Picopure RNA isolation Kit (Arcturus Reagents/Molecular Devices, USA) to isolate total RNA from the CCs and MGCs from individual follicles. The quantity and the integrity of the extracted total RNA were determined by Nanodrop (Nanodrop Technologies, USA) and the Bioanalyzer LabChips (Agilent Technologies, USA), respectively.
Microarray analysis
Samples were labelled using the double amplification protocol for small RNA samples according to the manufacture's guidelines (Affymetrix, Santa Clara, CA, USA). On average, 51 and 95 ng of total RNA extracted from the CCs and MGCs, respectively, were reverse transcribed into cDNA using an oligo-dT primer containing a T7 RNA polymerase promoter. cDNA was used as a template in the in vitro transcription reaction driven by the T7 promoter to synthesize cRNA, which was used as input for the second round of labelling. cRNA was transcribed into cDNA and the T7 promotor was used to drive the second round in vitro transcription under which biotin-labelled oligo-nucleotides were incorporated into the synthesized cRNA. Fifteen micrograms of the labelled sample were Specific genes selectively expressed between CCs and MGCs from individual human pre-ovulatory follicles hybridized to the HG-U133plus2 GeneChip array (Affymetrix), which query close to 48 000 well-substantiated genes by 56 000 probe sets. The arrays were washed and stained with phycoerythrin-conjugated streptavidin using the Affymetrix Fluidics Station w 450, and the arrays were scanned in the Affymetrix GeneArray w 2500 scanner to generate fluorescent images, as described in the Affymetrix GeneChip w protocol.
Microarray data analysis
The cell files were imported into the statistical software package R v. 2.7.2 using BioConductor v. 2.8 (Gentleman et al., 2004) and guanine cytosine robust multi-array analysis modelled using quantiles normalization and 'lowess' summarization. The modelled log-intensity of 56 400 probe sets was used for high-level analysis of selecting differentially expressed genes. Detection calls were derived using the MAS5 algorithm implemented in the Bioconductor package affy. This algorithm calculated a Wilcoxon signed-rank-based P-value for the presence/absence of each particular gene on the array as implemented in the Affymetrix Microarray Suite version 5. The output is a detection call that can take on the values of present (P), absent (A) or marginally absent (M). We filtered for present genes in the cell compartments, CCs and MGCs, respectively. A gene is defined to be present in a particular cell compartment if we find expression in 80 -100% of the samples.
In order to get an overview of the similarity between the 12 CC and the 12 MGC samples, we used all 54 600 probe sets as input in an unsupervised hierarchical cluster analysis. The samples were clustered using the Euclidean distance and linkage by the Wards method as implemented in the stats package in R v. 2.12.2 for 64 bit.
The two cell types were analysed and genes were defined as being differentially expressed if they were selected in the paired (within individual follicle) t-test with Benjamini -Hochberg multiple testing corrections with P , 0.01, fold change ,2 and difference of means .50 (real values).
All samples are minimum information about a microarray experiment (MIAME) compliant and are handled according to the standard operating procedures in the Microarray Centre. The 24 samples were submitted to ArrayExpress at 'European Molecular Biology Laboratory' using MIAMExpress. The experiment accession number is E-MEXP-3641.
Gene ontology and network enrichment analysis
The gene ontology (GO) enrichment analysis was performed to define overrepresentation of functional categories of the selected genes. For the genes defined as being differentially and selectively expressed, we applied the gene enrichment analysis implemented in the software package dChip (www.dchip.org), which calculates binomial approximated P-values for the hyper geometric distribution to determine enrichment. The test compares the proportion of genes in the subcategories of the molecular function in the gene list to the proportion of all genes on the array found in that functional category. Related functional categories where the majority of gene overlaps will be re-categorized into fewer main categories.
Biological networks of the differentially expressed genes were generated in ingenuity pathway analysis tools from Ingenuity Systems Inc. and network score was calculated (www.ingenuity.com). The score represents the chance of getting a network containing at least the same number of network eligible molecules by chance when randomly picking the number of genes that can be in networks from the knowledge base. The top network is presented.
Based on the central role of AREG and the connexins mediating the final maturation of the COC (Conti et al., 2006; Humaidan et al., 2011) , Pearson's non-parametric correlation analysis was performed between expression levels of AREG and connexin 43 (CX43), connexin 45 (CX45) and the RYR2 that was highly and selectively expressed in the CCs.
Furthermore, correlation analysis in lutein hormone receptor (LHR) expression between CCs and MGCs was performed to confirm and extend the previous report on the level of LHR expression in the two compartments (Haouzi et al., 2009 ).
Validation of microarray results by RT-PCR
Expression levels of 12 genes were measured by RT-PCR in MGCs and CCs. These genes were chosen for the validation of the array data based on their representation in each of the gene function enrichments discussed as well as representing both low and high fold-changed genes.
Four genes were analysed using the following primers: anti-Müllerian hormone (AMH)_forward GAGACCTACCAGGCCAACAA and AMH_-reverse TCCTCCGACAGGCTGATG; cytochrome P450, family 11, subfamily A, polypeptide 1 (CYP11A1)_forward GGAAATTACTCGG GGGACAT and CYP11A1_reverse TCCAGGTCTTGGTCCTGAAC; estrogen receptor 1 (ESR1)_forward TGGAGATCTTCGACATGCTG and ERS1_reverse GCCATCAGGTGGATCAAAGT; growth hormone receptor (GHR)_forward GTGGCTCCTCACATCAAGGT and GHR_reverse GCCCTGTGGGGACTGTACTA. Glyceraldehyde-3-phosphatedehydrogenase (GAPDH) with the following primers was used for reference for the four genes above. Primers used to amplify GAPDH were: GAPDH_forward GGTGCTGAGTATGTCCTGGA and GAPDH_reverse GTGGTTCA-CACCCATCACAA. Additional eight genes were analysed with RT -PCR using commercially designed primers (Applied Biosystems), which were optimized against probe sequences from the Affymetrix Human Genome U133 plus 2.0 array. Primers from Applied Biosystems used to amplify these eight genes were: neurotensin (NTS)_primer, Hs00175048_m1; pepsinogen3, pepsinogen4 and pepsinogen5 (PGA3, PGA4, PGA5)_primer, Hs01029046_m1; progesterone receptor membrane component 1 (PGRMC1)_primer, Hs00998344_m1; calcium channel, voltage-dependent, L type, alpha-1C subunit (CACNA1C)_primer, Hs00167681_m1; interleukin 7 receptor (IL7R)_primer, Hs02558840_s1; growth-associated protein 43 (GAP43)_primer, Hs00967138_m1; tenanscin C (TNC)_primer, Hs00175048_m1; ryanodine receptor 2 (RYR2)_pri-mer, Hs00892842_m1. For the eight genes, GAPDH with the following primer was used for reference, primer: Hs03929097.
PCR conditions: following an initial step at 508C for 2 min and a denaturation step at 958C for 2 min, amplification was performed for 40 cycles at 958C for 10 s and at 608C for 45 s.
All PCRs were performed in triplicate in 96-well formats, in a 10-ml final volume with Fast SYBR Green Master Mix (Applied Biosystems) using an ABI 7900HT instrument (Applied Biosystems). Data were analysed using the absolute quantification (standard curve). The expression levels were compared using a paired (within a follicle) t-test.
Results
Patient demographics and baseline characteristic are shown in Table I .
Microarray

Genes expressed in MGCs and CCs
In the MGCs, 18 119 transcripts were present in more than 80% of the samples (Supplementary data, Table SIA ). These transcripts represent 11 739 unique genes. In the CCs, 16 544 transcripts were present in more than 80% of the samples (Supplementary data, Table SIB ). These transcripts represent 11 090 unique genes. A Venn diagram (http://bioinfogp.cnb.csic.es/tools/venny/index.html) of these two gene lists is shown in Fig. 1A , illustrating numbers of selective and co-expressed genes in the two cell types. The genes comprising the compartments of the Venn diagram are given in Supplementary data, Table SIC . Eighty-seven transcripts (85 unique genes) were exclusively present in MGCs (defined as present in more than 80% of the MGC samples and absent in all CC samples). In the CCs, 64 transcripts (61 unique genes) were exclusively present (defined as present in more than 80% of the CC samples and absent in all MGC samples). These gene lists are presented in Supplementary data, Table SIIB . Figure 1B shows the result of the unsupervised hierarchical cluster analysis. The cluster dendrogram shows how the CC and the MGC samples cluster in a separate cluster except for one sample, MGC sample 32, which cluster among the CC samples based on the pairwise distance calculated using the contribution from all probes on the microarray.
Genes differentially expressed between MGCs and CCs
The pairwise (within individual follicle) comparison between corresponding CCs and MGCs revealed 1826 transcripts (representing 1562 unique genes) being differentially expressed (Supplementary data, Table SIIA ). Of these, 189 transcripts were changed .8-fold, 211 between 5-and 8-fold, whereas the rest (1142 transcripts) changed between 2-and 5-fold.
Six hundred and eighty-four transcripts displayed lower expression and 1142 transcripts displayed higher expression in MGCs when compared with CCs ( Fig. 2A) . Thus, 10% of the genes present are differentially expressed between the two cell compartments. The hierarchical cluster diagram demonstrates that expression profiles of CCs and MGCs are distinctly different ( Fig. 2A) , though with some heterogeneity between follicles.
The list of the 1826 differentially expressed transcripts between CCs and MGCs was divided into two: one with transcripts with fold changes .8 (containing 188 transcripts and 156 unique genes) and the other with transcripts between 2-and 8-fold change (containing 1636 transcripts and 1406 unique genes).
Comparing the list of 1562 genes differentially expressed with a published list (Koks et al., 2010) showed an overlap of 227 genes. The 227 genes are listed in Supplementary data, Table SIIC .
Gene function and network enrichment analysis
The two lists of high and lower fold-changed genes were subjected to gene function enrichment analysis (P , 0.01) to determine which main functional categories were different between the two compartments of follicular cells.
In the list of differentially expressed genes with high fold change, 48 GO biological functional terms were identified. Functions as angiogenesis (P ¼ 0.001), steroid hormone receptor activity (P ¼ 0.0087), inflammatory response (P ¼ 0.0078) and growth factor binding (P ¼ 0.0003) were represented in the list.
In the list with lower fold change, 52 GO biological functional terms were identified to be overrepresented in the differentially expressed genes. Functions dealing with metabolism and steroidogenesis were highly represented here, e.g. cellular lipid metabolic process (P , 0.0001), electron transport (P , 0.0001), nucleotide metabolic process (P , 0.001) and co-enzyme binding (P , 0.001).
A short list of the enriched functional terms is presented in Table II . The full GO lists and the categorized genes are shown in Supplementary data, Table SIIIA.
The two lists of the selectively expressed transcripts in MGCs and CCs, respectively, were also subjected to gene function enrichment analysis (P , 0.01) to determine the main functional categories of these transcripts (Table III) . The GO categorized genes are shown in Supplementary data, Table SIIIB. Functional categories enriched in the selectively expressed genes in CCs included the extracellular region (P , 0.001), cell communication (P , 0.001) and channel activity (P , 0.01). In MGCs, functional categories as mitochondrion (P , 0.001) and hydrolase activity (P , 0.01) were represented.
Selectively expressed and differentially expressed genes representing several of the functional categories that are discussed in detail are presented in Table IV .
Top network enriched in the differentially genes of CCs and MGCs was the network denoted 'cell-to-cell signalling and interaction and cell development' (enrichment score: 33). The network includes the androgen receptor (AR) and the estrogen receptor on central positions as well as genes encoding proteins involved in an extracellular matrix and adhesion (VCAN and NCAM1; up-regulated in CCs) and with proliferation and differentiation (FOS and TMEM135; up-regulated in GCs) (Fig. 3 ).
Correlations
RYR2 expression was positively correlated with
Between corresponding CCs and MGCs, a significant positive correlation in LHR expression was found (Pearson's correlation ¼ 0.72, P ¼ 0.003).
Reverse transcriptase-polymerase chain reaction
Result of the quantitative RT -PCR in CCs and MGCs from additional nine women demonstrated agreement with the microarray data ( Fig. 2B) for CYP11A, GHR, AMH, RYR2, IL7R, CACNA1C, CYP51A1 (P , 0.05), TNC, GAP43 and IL7R (P , 0.01), and ESR showed marginal significant difference between the two cell types with P ¼ 0.06. The RT -PCR of PGRMC1 failed to confirm the differential expression from the array data.
Discussion
The comparisons of the gene expression profiles of the corresponding MGCs and CCs immediately after retrieval in individual human preovulatory follicle subsequently shown to contain an MII oocyte demonstrated two distinct cell populations where 1826 transcripts (representing 1562 genes) were highly significant differentially expressed more than 2-fold. The very specialized GO functions were primarily represented in the highest fold-changed genes including the selectively expressed genes in either of the two cell compartments. These genes represented cellular functions such as cell communication, extracellular matrix, steroid receptor activity and inflammatory responses. The lower fold-changed genes represented mainly differences in activity in steroidogenesis and metabolic activity in general reflecting the MGCs being in a transition phase with high proliferation and production of steroids.
Specific genes selectively expressed between CCs and MGCs from individual human pre-ovulatory follicles
Gonadotrophin receptors
It is established that the ovulatory dose of hCG attenuates gonadotrophin receptor expression in granulosa cells, where after the LHR mRNA reappears in preparation for the luteal phase (Eyster et al., 1985; Xu et al., 2011) . Thus, the LHR undergoes dramatic changes during the ovulatory process. In the pre-ovulatory follicle, shortly before ovulation, we found the LHR moderately expressed and at the same level in the CCs and MGCs. The expression level of LHR in CCs varied up to 10-fold between follicles confirming previous findings (Haouzi et al., 2009) . Additionally, this study grouped CC samples in low and high LHR expression levels and found a significant difference in LHR expression in the corresponding grouped MGCs (Haouzi et al., 2009) . We confirm and further extend these data by showing a positive correlation present in LHR expression between CCs and MGCs. These findings may reflect that LHR expression levels demonstrate patient characteristics or more likely the individual follicle. It has been hypothesized that differences in FSH sensitivity exits between follicles in a cohort, which may explain our findings, since FSH induces the LH receptors (for review, see Webb and Campbell, 2007) . Recent data show association between LHR expression and nuclear maturity of the enclosed oocyte with a high expression level being connected to the MII oocyte (Maman et al., 2012) .
The FSH receptor was not expressed in neither MGCs nor CCs (Grondahl et al., 2011) in agreement with previous findings in human MGCs from pre-ovulatory follicles (Grondahl et al., 2009) , and a study in primates showing that in contrast to the LHR expression, FSH receptor expression does not reappear after the down-regulation by the ovulatory dose of hCG (Xu et al., 2011) .
Steroidogenesis
The present study demonstrated that the populations of both CC and MGC have a high potential for steroid production. However, MGCs showed a significantly higher expression of CYP11A1. Therefore, as MGCs occur in millions within a follicle when compared with thousands of CCs and the expression of genes considered to be central for steroidogenesis such as CYP11A1 is significantly higher in MGCs, this study confirms and extends that MGCs are the main follicular producer of steroids close to the ovulation. A number of other studies have confirmed that CCs actually produce progesterone in culture (Bar-Ami and Gitay-Goren, 2000). The capacity of the CCs to produce progesterone has been suggested to be of importance in relation to the fertilization rate after IVF (Bar-Ami and Gitay-Goren, 2000), which have been suggested be due to the chemo-attractant effect on spermatozoa (Yding et al., 1993; Oren-Benaroya et al., 2008) in line with a recent report on the non-genomic action of progesterone on human spermatozoa activating the Ca 2+ channel subsequently inducing hyper-motility in human sperm (Lishko et al., 2011) .
Steroid hormone receptors and other nuclear receptors
The ERS1 was more than 18-fold highly expressed in the MCGs than in CCs, where expression was undetectable in most samples. A higher expression level in MGCs confirms previous data (Koks et al., 2010) . shows how the CC and the MGC samples cluster in separate clusters except for one sample, granulosa sample 32, which cluster among the cumulus samples based on the pairwise distance calculated using the contribution from all probes on the microarray.
The nuclear PGR was not expressed at appreciable levels in neither MGCs nor CCs. Although there are very few reports of PGR protein localization in the human ovary, there is a consistency with other species examined in PGR expression specifically in MGCs in the dominant follicle at the time of the LH surge and in the active corpus luteum (Robker et al., 2009) . Our finding with no appreciable PGR expression level in the pre-ovulatory follicle is in agreement with peak in the expression of PGR at 4 -8 h after hCG and then decline to undetectable levels, which is maintained throughout the rest of the ovulatory period (Robker et al., 2009) . The PGR membrane components 1 and 2 (PGRMC1 and 2) were substantially expressed in both cell types. PGRMC1 functions as a receptor through which progesterone mediates an anti-apoptotic effect (Peluso et al., 2008) , whereas the function of PGRMC2 in the two compartments remains unclear.
The compartmentalized expression of AR with higher expression in CCs than in MGCs is in accordance with the previous human study (Koks et al., 2010) and a study on immunolocalization of AR found it to be mainly located in the COC and not in MGCs in pre-ovulatory follicles in mice (Szoltys et al., 2010) . The top cell-cell signalling network enriched in the differentially expressed genes showed AR placed centrally in the network, indicating a sustained function signalling through AR in the CCs in the pre-ovulatory follicle close to ovulation. This is in line with a study in the porcine ovary where sustained AR activity in granulosa cells in the proximity of the oocyte was found (Hickey et al., 2004) .
The LRH-1/NR5A2 was abundantly and equally expressed in both cell types. LRH-1/NR5A2 has been shown to have an essential role for successful ovulation including both MGC luteinization and CC expansion (Duggavathi et al., 2008) . The LRH-1/NR5A2 expression correlated with the expression of several of the steroidogenic genes (data not shown) in agreement with studies in bovine and human granulosa cells (Saxena et al., 2007; Taniguchi et al., 2009) . The steroidogenic factor-1 (SF-1/NR5A1) was not expressed in appreciable levels in neither CCs nor MGCs, confirming a previous study of gene expression profiling of MGCs from pooled pre-ovulatory follicles (Grondahl et al., 2010) . This finding suggests that species differences may exist in the expression levels of SF-1/NR5A1 in MGCs, since animal studies indicate that Sf-1/Nr5a1 expression is correlated with steroidogenic gene expression in luteinized granulosa cells (Taniguchi et al., 2009) , though the role of SF-1/NR5A1 in the hormonal responsiveness of steroidogenic gene promoters is still a subject of debate (Schimmer and White, 2010) . Another nuclear receptor reported to be involved in ovarian steroidogenesis, likewise not expressed in appreciable levels in neither CCs nor MGCs, was DAX-1/NR0B1. The Specific genes selectively expressed between CCs and MGCs from individual human pre-ovulatory follicles lack of expression may be due to the high levels of STAR, since bovine granulosa cell culture has shown decreasing Dax-1/Nr0b1 expression with increasing Star expression (Shimizu et al., 2009) . Since immunostaining of human ovaries has shown that DAX-1/NR0B1 is present in MGCs and theca cells in both the dominant follicle and in the corpus luteum (Sato et al., 2003) , our finding may indicate a transient downregulation in connection with ovulation.
Cell -cell communication
The very specialized function of the CCs is the essential close communication with the oocyte undertaking nutritional support and trafficking of macromolecules throughout folliculogenesis. The transport occurs through the extensive network of intercellular connections that exists between the somatic cells and the oocyte, and a constant interaction through gap junctions takes place to coordinate the tissue functions and homeostasis (Rossello and David, 2010) . The following three gap junction proteins were expressed in the CCs and MCGs: CX43 was highly expressed, whereas CX40 and CX45 were moderately expressed. CX43 being the gap-junction most abundantly expressed is in accordance with previous findings (Wang et al., 2009 ). We found a minor (1.6-fold) higher expression of CX43 in CCs when compared with MGCs, whereas CX40 was more than 16-fold highly expressed in the CC than in the MGC, suggesting a specific function in the CC, in line with a previous report (Koks et al., 2010) .
Beside gap junctions between neighbouring CCs and MGCs, respectively, CX43 and CX45 in CCs may pair up with hemi channels in the corresponding MII oocyte where CX43 is moderately and CX45 lowly expressed (Grondahl et al., 2010) . The positive correlation between the expression of AREG and CX43 indicates a possible association between the AREG and the level of intercellular communication in CCs.
Several The most frequent categories of GO biological processes in the high and lower fold differentially expressed genes were identified using dChip. These biological categories were further re-categorized. Gene overlaps exist between the annotated terms. The full list and the genes present in the biological categories are shown in Supplementary data, Table SIV. homeostasis (Peluso, 2003) . Another strong regulator of intracellular Ca ++ concentrations is the RYR2 and the encoding gene was selectively expressed in CCs. RYR2 that mediates the release of Ca ++ from the endoplasmic reticulum, hence inducing increase in cytosolic Ca ++ , is mainly known for its presence and function in the sarcolemma of cardiac muscles. Likewise, having a central role in controlling Ca ++ in the syncytium of the myocardium is the CACNA1 gene that encodes an alpha-1 subunit of a voltage-dependent calcium channel that mediates the influx of calcium ions into the cell upon membrane polarization (Jurkat-Rott and Lehmann-Horn, 2004 ). The expression of CACNA1 was also selectively present in the CC of the pre-ovulatory follicle. The calmodulin-binding functional category being highly significantly present in the CCs underlines that Ca ++ intracellular signalling is of special importance in CCs. Taken together with the abundant presence of gap junction in the COC, this high presence of mediators for regulating intracellular Ca ++ may indicate that Ca ++ signalling has a special role in the communications between the cells in the COC. It is established that the mid-cycle surge of gonadotrophins induces the resumption of meiosis through this gap-junction signalling (Toranzo et al., 2007) , whereas the role in which key ions and molecules passing through the functional syncytium of the mature COC remains unclear.
That the COC can be envisioned as a tightly connected syncytium is further confirmed in the present study, since the functional enrichment analysis of the genes selectively expressed in the CC showed that the GO term 'multicellular organism processes' is highly enriched.
The positive correlations between expression levels in CCs of RYR2 and CX43 and CX45, respectively, indicate an association in the different actors in the intercellular communicative capacity. An additional positive correlation was present between RYR2 expression and the expression of one of the key mediators of the effect of LH/hCG, AREG (Conti et al., 2006) , likewise suggesting an association between the epidermal growth factor (EGF) signalling pathway and the intercellular communication. A beneficial effect of supplementing culture medium with AREG for human in vitro maturation (Ben-Ami et al., 2011) and EGF for IVF culture (Andersen et al., 1999) has been reported and furthermore AREG expression in CCs has been suggested as a marker for oocyte competence (Feuerstein et al., 2007) .
Inflammatory response
The role of ILs in the local processes of the ovary is still poorly understood, although there is evidence for involvement in the steroidogenesis, ovulation process and oocyte maturation (Gerard et al., 2004) . In the present study, IL17 was the only IL expressed in the somatic cells, and in both cell types, it was expressed in a low and comparable level, as was IL17R. Interestingly, IL17 and IL17R were moderately expressed in the corresponding oocytes (Grondahl et al., 2010) , indicating a possible local effect of IL17 in the COC.
Several IL receptors were expressed in the CC and the MGC. The substantial higher expression levels of IL6R and IL7R in CCs suggest a specific role in the COC of these ILs. This function may be cumulus expansion and final maturation of the oocyte, since IL6 has been shown in mice to induce COC expansion in in vitro matured oocytes leading to an increased production of transferable embryos (Liu et al., 2009) .
Moreover, fibrinogen was selectively expressed in the MGC and is present in the human follicular fluid. Locally produced fibrinogen may be important in the clotting process following the tissue rupture at ovulation. In addition, fibrinogen fragments may be involved in the mechanism of ovulation by increasing the activity of a tissue-type plasminogen activator to control the proteolytic activity required for ovulation (Parrott et al., 1993) .
Extracellular matrix: formation and remodelling
The two somatic cell compartments in the pre-ovulatory follicle express numerous extracellular matrix proteins, collagens and The most frequent categories of GO biological processes in the selective compartmentalized expressed genes were identified using dChip. These biological categories were further re-categorized. Gene overlaps exist between the annotated terms. The full list and the genes present in the biological categories are shown in Supplementary data, Continued proteoglycans that are induced by the hCG and are of importance for the peri-ovulatory processes (Hernandez-Gonzalez et al., 2006) . PTX3 is a structural constituent of the cumulus oophorus extracellular matrix essential for female fertility (Salustri et al., 2004) . PTX3 was extensively expressed in both cell types with the 2.5-fold higher expression level in MGCs in agreement with previous reports in human (Koks et al., 2010) . Some variation (up to 4-fold) in the expression of PTX3 was present in CCs between follicles, which may reflect the quality of the follicle, since the level of PTX3 expression has been suggested to be correlated with developmental competence of the corresponding oocyte (Zhang et al., 2005) .
VCAN, HAS2 and fibronectin were highly expressed in CCs than in MGCs confirming previous findings (Koks et al., 2010) . Moreover, TNC, encoding a large extracellular matrix protein and binding to the matrix proteins as collagens, proteoglycans and fibronectin (Chung et al., 1995) , was extensively expressed in the CCs and almost 50-fold higher than in MGCs in agreement with a study in mice showing Tnc expression selectively present in CCs of the preovulatory follicle 8 h after hCG (Hernandez-Gonzalez et al., 2006) , whereas 4-fold higher expression in CCs when compared with MGC has been reported when comparing cells from cohorts of human follicles (Koks et al., 2010) .
Several proteases involved in extracellular matrix remodelling were present in CCs and MGCs. Of the metalloproteinase (MMP) family that is involved in the breakdown of the extracellular matrix in tissue remodelling, MMP9 was the only member expressed (the low expression level) in both cell types, whereas MMP10 that degrades proteoglycans and fibronectin was exclusively expressed in the MGC. The only other MMP present in the pre-ovulatory follicle is MMP16 that was exclusively expressed in the CC. The differential expression of MMP10 and MMP16 is in agreement with the study of Koks et al. (2010) . Surprisingly, pepsinogen was predominantly and highly expressed in the MGC, suggesting a specific role in these cells. The role of this extra-intestinal expression of pepsinogen in the ovulatory process and if there is a pepsin-like activity need further investigation.
A recent study compared MGCs and CCs from women undergoing IVF/ICSI treatment (Koks et al., 2010) and used comparable patient population and protocol for ovarian stimulation as the present study. Despite using the same microarray platform as we did, substantially fewer genes (489 versus 1826) were reported to be differentially expressed by more than 2-fold (Koks et al., 2010) . Comparing the full list of the 489 differentially expressed genes with our data showed concordance in 227 genes. The larger number of differentially expressed genes in the present study is likely to be a result of homogeneous cell populations isolated from one large pre-ovulatory follicle containing an MII oocyte, when compared with pools of CCs and MGCs, respectively, from the collective cohort of aspirated follicles (Koks et al., 2010) . Thus, these cells likely represent follicles of a different size as well as maturity, hence follicles with both MII and immature oocytes. This suggests that pronounced differences exist in the expression levels between follicles, which may be due to differences in the developmental stage as well as differences in the competence of the follicle; thus, pooling of cells from follicles will inevitably mask the detailed intrafollicular conditions. Moreover, the different time of isolation and techniques used may also explain discrepancies between the two studies. The CCs in the present study represent the outer part of the cumulus in the COC, isolated immediately after OPU, whereas the whole cumulus were isolated enzymatically after 4 h of culture (Koks et al., 2010 Data previously discussed in relation to anti-Müllerian hormone expression (Grondahl et al., 2010). b No expression indicate no or negligible contamination with blood and theca cells.
Specific genes selectively expressed between CCs and MGCs from individual human pre-ovulatory follicles shown in COCs from the rat that differences exist both at the level of expression and the protein of some genes between cells in proximity to the oocyte compared with peripherally located cells in the cumulus oophorus both pre-and post-ovulation (Szoltys et al., 2010) . Likewise, culture is known to influence the expression levels in MGCs (Robert et al., 2003; Yamashita et al., 2010) . In the present study, we isolated the MGCs from pre-ovulatory follicle aspirates immediately after the recovery. Contaminating erythrocytes (with minimal or no contaminating RNA) were removed by the use of erythrolysis buffer, due to the evidence of an erythrocyte-derived factor affecting the gene expression and PCRs (Crinelli et al., 2000) . In order to avoid the cell loss previously experienced by the use of CD45-positive magnetic microbeads (Grondahl et al., 2009) , no attempt other than deselecting aggregates with vessel structures and blood contamination followed by rinsing the aggregates was done to remove contaminating white blood cells. This simple positive isolation of MGCs aggregates without vessels (theca cell layer) followed by thorough rinsing succeeded in homogeneous samples where 10 of the 12 were negative for CD45 and CYP17 expression, whereas most samples were CYP17 positive when isolating MGCs from the sediment after follicular fluid centrifugation (Grondahl et al., 2009) . Contamination with theca cells probably also explains that CYP17 has been reported to be highly expressed in MGCs isolated by centrifugation when compared with CCs (Koks et al., 2010) . Taken together, the expression profiles of CCs and MGCs in the pre-ovulatory follicle following COS clearly show two cell populations with differentiated functions. The paired analysis within the level of individual follicle gives a unique picture regarding similarities, differences and correlations between the two somatic cell compartments in the pre-ovulatory follicle. Function enrichment analysis of the 1826 differentially expressed genes revealed differences in multiple functionsboth basal cellular functions represented by differences in the expression level as well as very specific functions represented by the selectively expressed genes. The present study has revealed differences in steroidogenic genes, matrix formation and remodelling, proliferation and cell-to-cell communication via GnRH-associated protein junction proteins, intracellular Ca ++ signalling and highlighted genes not previously connected to the pre-ovulatory follicle.
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